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1. Introduction 


Although information concerning the energy exchange between the sea 
and the atmosphere is of great significance both theoretically and practically, 
the present methods for computing the exchange are still relatively in- 
accurate. For the Baltic Sea computations or estimations of the mean 
energy exchange have been made by several authors, e.g. WiITTING (1918), 
JOHNSON (1940), Stmosokr (1946 and 1949), Hena (1951) and Brocmus 
(1952). Jounson has made an attempt to determine the whole heat balance 
of the Baltic Sea, but in the main these studies only take into account 
evaporation. Recently PALMEN (1963) has calculated evaporation from the 
Baltic Sea for the period of a certain year, using the divergence of the 
atmospheric vapour flux. 

The first main purpose of this study is to compare PALMEN’s evaporation 
equation with the empirical formula (1) of Jacoss (1942), and the second 
‘is to estimate the most significant terms in the annual heat budget of the 
Bothnian Sea (the southern part of the Gulf of Bothnia), using observations 
of the Swedish lightship »Finngrundet» (61°04’N, 18°41’E). Computations 
of evaporation and of the flux of sensible heat over the Baltic Sea proper 
were made for the period December 1961—May 1962. For the Bothnian 
Sea, furthermore, the long- and short-wave radiation and the heat used 
to melt solid precipitation were estimated for the period of one year March 
1961—February 1962. 


2. Methods used 


For computing the evaporation the familiar formula of the type (Jacoss, 
1942): 
(1) Liz ke (ep=~e,) V, 
was used. Here e, denotes the saturated water vapour pressure at the tem- 
perature of the water surface, e, the water vapour pressure of the air at 
the altitude a and V, the wind velocity at the same altitude. 

The values of k in Eq. (1) used by several authors in general range 
from 0.09 to 0.16, when # is expressed in mm (24h)-1, e in mb and JV, in 


ms~t, and when the height a is about 6 m. At least the following values 
of & have been used: Masuzawa (1952) 0.093, SvERDRUP (1945) 0.099, 
SCHULEIKIN (1932). (according to Sturm, 1962) 1.00, SAMOILENKO (1952) 
(according to StuRM, 1962) 0.105, Stmogoxt (1949) 0.110, Priverr (1960) 
0.114, JACOBS (1951) 0.143 and MIKkHALEVSKII (according to LAEVASTU, 
1960) 0.157. Marcrano and Harpeck (1954) tested several evaporation 
equations and found that SveRDRUP’s (1937) theoretical equation gave 
results that were satisfactory but somewhat too large. SvERDRUP’s formula 
can be expressed in the form of Eq. (1), where the coefficient & varies be- 
tween 0.108 and 0.120 in the conditions existing in the Baltic area. According 
to PrrrerRSsEN et al. (1962), SwInBANK (1959), combining observations 
made by SHEPPARD (1958) and Maroctano and HarpecKk (1954), found 
that a value of about 0.130 gave reasonable results. Most of the above- 
mentioned constants were originally intended to be applicable only to 
climatic data, but many of them have also been used for short periods by 
several authors. PRIvETT’s value of 0.114, which is very close to the average 
of the foregoing values, was chosen for the present calculations. 

The height a in Hq. (1) was assumed to be 6 m, but during regular ob- 
servations e€, was measured at 2 m and V, at about 10 m. On »Finngrundet» 
both were measured at 4 m altitude. The correction necessitated by this 
fact was estimated, using the measurements of Wist (1937) concerning 
the vertical distribution of water vapour pressure above the sea, and the 
well known logarithmic wind law 
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where a and b are the heights above the sea surface and zo the »roughness 


es — & : 
parameter». The quantity -——* must also be a constant, if e is a linear 
é 


oe 
function of ln z. According to Witst (1937) and Monteomery (1940), this 
is the case for the most part, especially with unstable stratification of the 
air. Using 26 cases of WistT’s measurements, where e,—e, > 0 in each 
case, and the values of Marcrano and Harspeck (1954) for z,, it was found 


that on the average 


0? 


Thus, no significant error will be caused by using the regular observation 
heights instead of 6 m. For the Baltic Sea calculations the evaporation 
equation 


(3a) H = 0.114 (€,—€,) Vig mm(24h) 


was used. For computing the evaporation on »Finngrundet» the coefficient 
in Kq. (3a) was multiplied by 1.11: 


(3b) EH = 0.127 (e,—e,) Vz mm(24h)*. 


The effect of salinity on e, has been left out of account. According to 
StmmoJOKI (1946), the mean salinity of the surface waters of the Northern 
Baltic Sea is 5.5—6.5 per mille, and according to SveRDRUP (1945) this 
would cause a decrease of less than 4 per mille in the water vapour pressure. 

Some authors, e.g. MonrcomerRy (1940) and SveRDRUP (1946), have 
assumed that the sea surface is changed from smooth to rough by a wind 
speed of approximately 6.5 ms ‘, whereat the rate of evaporation changes 
discontinuously. Thus the value of k in Eq. (1) with a smooth surface would 
be different from that with a rough one. This is doubted by several authors. 
Marciano and HAarBeck (1954), for example, concluded from careful ob- 
servations on Lake Hefner that the free water surface is always to be con- 
sidered as rough. The same value of k has been used for all wind speeds 
in this paper. 

Using the mean value 593 cal g ‘ for the latent heat of vaporization 
(Lp = 597— 0.544 7, cal g*), we obtain -the heat used for evaporation 
(the flux of latent heat) corresponding equations (3a) and (3b) as follows: 


(4a) ()eEy He" 615 HO e,.) Viggw weolecms a4 thy 


(4b) Ovens Hea Ts 0 0(ee= 6, )2 Va O aca) tome? (24 h)e* 


According to BowEn (1926), the relation between the convective transfer 
of sensible heat and the flux of latent heat is 
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where c, is the specific heat of air at constant pressure, p the atmospheric 
pressure (mb), 7’, the temperature of the sea surface (°C) and 7’, the tem- 
perature of the air at the altitude a (°C). Combining equations (3a) and 
(5) and using the value 1000 mb for p, we obtain the formula: 


(6a) Q, = 440 (7; —T,) Viy cal emTe(24 hy 


which has been used for computing @, on the Baltic Sea. Similarly, com- 
bining equations (3b) and (5), we obtain the formula: 


(6b) Q = 4.8847, 27a, ‘caltomets(4ehyet 


for computing the flux of sensible heat on »Finngrundet». Authors who have 
used formulae of type (6) have used at least the following coefficients (7, 
and V, measured at 6m): PRIVETT (1960) 2.29, SAMOILENKO (1959) (according 
to StuRM, 1962) 3.45, Kancos (1960) 5.53 and PETTERSSEN et al. (1962) 6.77. 

For estimating the short- and long-wave radiation the formulae re- 
commended by LArEvastu (1960) were used. Larvastu’s formula for the 
diurnal total (solar and diffuse) short-wave radiation is 


(7) Qo= (ot At, (l= 0.0008) G2) caleom™— «(24elije as 


where 4, is the noon altitude of the sun (degrees), ¢, the length of the day 
from sunrise to sundown (minutes) and C' the cloudiness (scale 1—10). 

The radiation reflected from the sea surface is, according to LAEVASTU 
(1960), 


(8) Q == 0.05 Q-- (0.00 3)? _calveme 34h ja 


For computing the effective back radiation (long-wave radiation) in a 
clear sky, LONNQUIST’s (1954) formula in the following reduced form given 
by Larvastu (1960) was used: 


(9) Q., = 297.0 —l1.se T,—0.95 U, cal em? (24 h)* 


U, is here the relative humidity (per cent). Q, is corrected for the effect 
of cloudiness with MOLLER’s (1953) formula given by Lagvastu (1960) 


(10) Q, = Q,, (1—0.0765 GC) cal cm”? (24h). 
Q, is consequently the real effective back radiation. 

An attempt was also made to compute the effect of the melting of solid 
precipitation (snow or hail) by using the formula 


(11) Oy 8 nuPewcalicme (24sh) a 


were P is the solid precipitation in mm of water per day. The temperature 
of the snow is not taken into account. 


The net energy flux from the sea surface was determined from the formula 


(12) Qn = 8, +9, Oy Op. + 9, — @,- 


Figure 1 shows the area of computation for the Baltic Sea proper. There 
are 21 grid points in the area marked with letters from A to V. 

The sea surface temperature was measured on board s/s »Ariadne», 
which runs the route Helsinki—Copenhagen once a week (see fig. 1). Ob- 
servations on board are made every fourth hour, and during each run 6—8 
observations were made within the area of computation. Temperatures for 
the intermediate days were interpolated. On the northern border of the 
area (points A, B and C), however, sea surface temperatures observed on 
Bengtskar (59°43’N, 22°30’E), were used. At those grid points at which ice 
sometimes occurred during the winter, the value 7’, = —0.3 °C (the ap- 
proximately freezing temperature) was used when ice occurred. From the 
the southeastern Baltic there were no actual observations of sea surface 
temperatures. During the period December—March no systematic tem- 
perature differences between the different parts of the Baltic Sea were 
obtained, and the mean temperature ofeach run of s/s »Ariadne» was used 
for the whole area, except the points mentioned above. In April the southern 
Baltic began to warm up faster. From April 1 the area was divided into 
two parts, with the latitude 57°30’N as the border and temperatures meas- 

ured from s/s »Ariadne) were averaged separately for the two parts. 

The evaporation and the flux of sensible heat were computed for the 
Baltic Sea proper twice a day, i.e. using synoptic observations made at 
00 GMT and at 12 GMT. Observations on the temperature and the water 
vapour pressure of the air, as well as on the wind speed from nearly all 
the meteorological stations in the Baltic area (see fig. 1), were plotted on 
the maps. The fields of 7',, e, and V,, were carefully analysed. There are 
no ship observations available from the Baltic Sea, therefore the weight in 
in the analyses were put on the observations made at the few really maritime 
stations to avoid the continental influence upon the observations. Thus, 
for example, in temperature analyses, especially with light winds, a relatively 
equal temperature field was assumed to exist on the open sea, while the 
isotherms were very close near the coast. At those grid points where fast 
ice occurred, the, values # —'@— 0 were, used: 

The mean evaporation in the whole area was computed from the formula 


(13) 
Pee GN Sy Rey KM RTT +Y) 


44 
ab eal, t toy siihath ropa dhe 
44 


= 
12) 
eS 
= 
(GE: 
Wy) 
ce 


e> BOTHNIAN 


<_< 
iD 
aho. 
en 
O veo 
60 N | 


re 


BALTIC SEA 


Fig. 1. The area of computation (heavy line), the grid points used and the locations of some places 
mentioned in the text. The observation stations used for the Baltic Sea computations are marked 
with small open circles. The dashed line indicates the approximate route of s/s »Ariadne». 
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where the letters from A to V now indicate the evaporation at the corres- 
ponding points. The mean value of Q@, was evaluated in the same manner. 

Winter 1960—1961 was mild in Scandinavia, and the Bothnian Sea, 
which normally freezes in late winter, did not freeze at all. The next winter 
the sea froze during the first week of March. It was therefore reasonable 
to choose the period March 1961—February 1962 for the computations, 
because the heat storage of the Bothnian Sea was at an approximate minimum 
at both ends of the period. 

On the lightship »Finngrundet» the sea surface temperature is observed 
twice a day (at 06 and 18 GMT) and the meteorological observations are 
made three times a day (at 06, 12 and 18 GMT). Thus no observation is 
made at night. For computing the diurnal values of HL, Q,, Q,, and Q, 
(equations 3b, 6b, 9 and 10) all the meteorological observations were 
smoothed according to the formula: 


ae g — 2+ On) + On, 


where 0 is the daily mean of any observation. O,, O,, and O,, are the 
observations made at the corresponding GMT. 

The effect of the ship itself upon the observed values of the temperature 
and water vapour pressure of the air has been neglected. This subject has 
been discussed in greater detail by Heta (1951), who came to the con- 
clusion that on »Finngrundet» the effect of the ship is negligible. 


Table 1. The monthly amounts of evaporation H, fluxes of latent and 
sensible heat @, and Q,, the Bowen ratio &, the total energy exchange 
Q,= 4%, +4, and evaporation according to PaumMén on the Baltic Sea 
during the period December 1961—May 1962. 


Month K Qe Qe R Qa PALMEN 
mm cal em-? cal cm-? cal em-? E mm cf: 

Dea eR Se 103.5 6 130 4675 0.76 10 805 94 
3 | pee ee ee 49.7 2 962 2013 0.68 4975 67 
Kae ee et 62.5 3 683 2023 0.69 6 206 42 
INL rere oe su 39.0 2 314 1-533 0.66 3 847 7a 
Ln ee ee 1238 758 —1181 — 1.56 — 423 19 
UG ae 8.9 530 —I1 192 = 2.3 —= 662 8 

Sum 276.4 16 377 S3tL 24 748 20 

3. Results 


The results from the Baltic Sea proper are presented in table 1. Both 
the evaporation (103.5 mm) and the flux of sensible heat (4 675 cal cm ~*) 
were plainly largest in December. In December the total energy exchange 
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Q,=%,+@, was 10805 cal em~*. After a mild autumn the Baltic Sea 
had an unusually high surface temperature in December, while the tem- 
perature of the air was colder than normal. Hence these amounts of energy 
flux are larger than the average in December. In April and May the evap- 
oration was relatively small, as would be expected. Both the flux of sensible 
heat and the total energy flux were directed from the atmosphere to the 
sea during these months. During the whole period the total energy flux 
was about 24700 cal cm ~°. 

The proportion of sensible heat is relatively great in winter. The monthly 
BoweEN ratio Rk (computed from the monthly values of Q, and Q,) ranges 
from 0.66 to 0.76 in the months December—March. According to JAcoBs 
(1951), the mean value of R in the Northern Atlantic between the correspond- 
ing latitudes 55° and 60°N in winter is about 0.45. 

It is understandable that in winter the BOWEN ratio is greater over the 
Baltic Sea than over the ocean at the same latitudes, although the relative 
humidity is probable greater over the ocean. The temperature of the sea 
surface in winter is far lower in the Baltic Sea, and at low temperatures 
the saturation value of e decreases very slowly as the temperature falls. 
Therefore the difference e,—e, (Eq. 5) cannot reach such very high values 
as the difference 7’, — 7’, does in winter, especially during aoubreaks of cold 
air. Momentarily & exceeded the value 1 comparatively often. The highest 
momentary values about 1.3, when both @, and Q, were positive. 

Besides the foregoing the different methods used by Jacoss and the 
author require to be considered. JACOBS used the mean values of any element, 
i.e. the BOWEN ratio is proportional to 


7, r. Ty ie ee thes 4a, 


a (€, em C4) V, 


In this paper R& is computed from monthly values of Y, and Q,, ie. # is 
proportional to ; 


We ae. 3 t ee UE T's) Va aa (T,—T,)' ve : 
(e, oe eq) Veg ( a 


Now it is obvious that in winter the latter expression gives greater values. 
For the major part of the energy flux (in form of Q, and @,) occurs during 
outbreaks of cold air, when £f reaches its highest values, i.e. the quantities 
(T,—T,)'V, and (e,—e,)’V’ play a noteworthy role. Jacops has used 
climatological mean values and the author monthly means, it is true, but 


in principle this does not change the situation. 
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When using the BowEN ratio (Eq. 5), it is assumed that the eddy ex- 
change coefficients for water vapour and heat are identical. According to 
the turbulence theory, the vertical flux of heat is 


00 | oT 
ue a ae CA cs a Tooled Oy A, ms 
and of water vapour 

0g 0.623 ce 
16 = BR ie eee 2 es: 
( ) Q, (42 Oz p CZ 02 


Here A,, is the vertical eddy exchange coefficient (the eddy conductivity 
for heat, A,, the vertical eddy exchange coefficient (the eddy diffusivity) 
for vapour, 0 the potential temperature, g the specific humidity of the air 
and z the vertical coordinate. However, it is not evident that A, and 4,, 
are equal. For instance, according to PasquiLy (1949), over open grasslands 
A,, is reasonably equal to A,, under stable conditions, but is substantially 
greater in unstable conditions and may even be twice as great. If this is 
also true over a water surface, the amounts of Q, would be relatively greater, 
maybe even greater than those of Q, over the Baltic Sea in winter, when 
the air is mostly unstable. 

In table 1 the evaporation values for the same period according to 
PatmiN (1963) are also presented. (In this table the value 3 mm for May 
has been corrected to 8 mm according to a verbal suggestion by Prof. 
PALMEN). The agreement can be regarded as fair. In general the values 
of PALMEN are somewhat smaller but in January and May plainly larger. 
PALMEN’s value of 257 mm for the period of half a year is about 7 per cent 
smaller than the corresponding value of 276 mm obtained by the author. 
In comparing the results, the method of PALMEN and the possible errors in 
both calculations will be discussed. 

Patm&N has used aerological data and the observed precipitation for 
computing the mean evaporation from the formula | 


(17) jy ee 


Ph Ph 


Here A is the horizontal area, L the length of its periphery, P the mean 
precipitation over the area, g the gravity constant, p, the surface pressure 
of the air, p, the pressure at the upper boundary of the volume (here 400 mb), 


7 the mean specific humidity at a given isobaric surface and qV, the mean 


horizontal flux of water vapour normal to the boundary L. The area A, 
however, was somewhat larger than that used in this paper. 

Assuming the flux of liquid and solid water carried by clouds to be of 
minor importance, PALMEN’s method can be considered relatively exact. 
It is probable, however, that in special cases of strong evaporation, especially 
during the cold season, the neglect of liquid and solid water in the clouds 
will result in an underestimate of the amount of evaporation. MANABE (1958) 
has made an attempt to estimate this error when the cold air in winter 
moves from the Asian continent over the Japan Sea. According to MANABE, 
the magnitude of the error of the computation of the horizontal divergence 
of water vapour is about 14 % in the cloudy layer between the coast of 
the Asian continent and the northwest coast of the Japanese islands. Over 
the Japan Sea, however, the conditions are far more extreme and more 
liable to error of this kind than over the Baltic Sea. Thus it may be roughly 
estimated that PALMEN’s evaporation values for the winter months are a 
few per cent too small. Further, small observation errors and the long 
distances between the aerological stations used may cause considerable 
errors in the evaporation values, but these errors will probably counter- 
balance each other during a sufficiently long period. PALMEN’s value for 
February is obviously too small, because for some days during a strong 
outbreak of cold air observation data were lacking, and Patmién has used 
the mean daily evaporation values of February for these days. The magnitude 
of this error may be about 10 mm. 

On the assumption that evaporation can be expressed by a formula of 
type (1), the major error sources for computing the evaporation in this 
study will be as follows: 

(a) Eq. (3a) represents evaporation in mean conditions. It is probable, 
however, that the vertical flux of water vapour (and the coefficient k in 
Eq. 1) is also dependent on the stability of the air. MANABE (1958) has 
estimated the dependence of k on the air stability from the energy budget, 
and Konpo (1962) has made a theoretical attempt to evaluate evaporation 
and the vertical flux of sensible heat as a function of stability. Both authors 
conclude that k in Eq. (1) will be greater in unstable than in stable conditions. 
The same applies to the coefficient in equations of type (6). The present 
author, however, has intended to estimate only the mean value of k. 

(b) Because no ship observations were available, the values of e, (and 
T',) over the sea were possibly too low in winter and too high in spring, 
in spite of the careful analyses mentioned in section 2. As a result, the 
values of # (and @.) would be slightly too large in winter and slightly too 
small in spring. In addition, the value for the whole period would be some- 
what too large. It is impossible to make any exact estimate of the magnitude 
of this error, but it is probably relatively insignificant. 
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Table 2. The monthly amounts of evaporation H, fluxes of latent and sen- 
sible heat Q, and Q,, the BowEN ratio R, the total energy exchange Q, = 
Q, + Q,, the effective back radiation Q,, heat used to melt solid precipita- 
tion Q,, the total incoming radiation Q,, reflection back from the sea surface 
Q, and the net flux of energy from the sea surface Q, on »Finngrundet» 
during the period March 1961—February 1962. 


Month H Qe Qe R Qa Qb | Qp Qs Qr Qn 
mm cal cm-?| cal cm-? cal cm-?} cal cm-2| cal cm-?}| cal cm-?} cal cm-?} cal em-? 
: | | 

(1 Ree earns 32.7| 1940/— 885|— 0.46| 1055) 3560) 30, 6670 865 — 1 160 
Dea ate nc 04 3}. 13.6 810|\— 765|— 0.94! 45, 4155, 35) 12 420; 1345|— 6840 
INT Bees sa kt: 1.0 60|—1 100|\—18.3 |—1040| 8 205! —| 16220) 1580)—12 475 
4) ho eres Bed 195;—1 080/— 5.5 |— 885) 3215) —| 19845) 1 655|—75 860 
AD Mier svceet: 17.8; 1050|— 285|— 0.27 765) 2 990) —| 18 180) 1 665 —12 760 
Leia fod 42%k. 49.4; 2905)— 300|— 0.10) 2605) 2940) —| 13115) 1410/— 6160 
Si eee ee F 55.1; 3240/— 265)— 0.08) 2975) 3270 —=\e 0815) 895|— 8 675 
Cea 9.4.4. 05,03 120/—— 145|—— 0:05) _2 975), 42.805 —| 3480) 435 2 73D 
1h ame eB 69.8). 130i 1340 0.32) ~5 470)|.283.045 —|. 1325) 195) 7 385 
LO ar eee 87.4, 5180) 3710 0.72) 8890) 3 455) 70) 605 90, 11 900 
A) Oe Se: D(ccieeo 4UOlee 2 O00 0.75; 5960) 2995) 130) 860) 130} 8355 
Ln Pee aioe oiye DA Sl 2a0v eco OU 0.721" 5-565). 2550) 230) 2 sae oy 6 425 

Year | 494.9} 29270) 5110) 0.17) 34380} 38185) 4951102 765) 10575|—19 130 


(c) The s/s »Ariadne» observations of 7’, were made on the open sea, 
while some of the grid points (fig. 1) are located over coastal waters. In 
consequence, the values of # (and Q,) will also be too large in winter and 
too small in late spring. The magnitude of this error was estimated as follows. 
The mean monthly temperatures of the sea surface given by BOHNECKE and 
DieTRICH (1951) were considered. Those grid points where the mean monthly 
temperatures on the s/s »Ariadne» route (within the computation area) were 
nearly valid, were regarded as representative ones, as well as points A, B 
and C (the Bengtskar values) and the points where ice occurred. The other 
points were regarded as non-representative. The mean temperature differ- 
ences (according to BOHNECKE and DieTricu, 1951) between the repre- 
sentative and non-representative grid points were assumed to remain the 
same during the months considered here. According to these calculations, 
the evaporation values of each month must be corrected by the following 
values: 

December —7.3 mm February —l.9 mm April 0.0 mm 

January —2.7 mm March —0.4 mm May +0.3 mm 


As aresult, the evaporation of the whole period would be reduced by 12.0 mm. 

On combining the foregoing estimates, it will be found that the evapora - 
tion value of the whole period computed from Eq. (3a) is about 264 mm or 
a little smaller. Panmnn’s value for the same period is nearly the same, if 
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Table 3. The monthly air temperatures (7',) at Mariehamn (60°07’N, 19°54’E) 
and the monthly temperatures of the surface water (7'’,) on »Finngrundet» 
during the period March 1961—February 1962 in comparison with the 
normal values.*) 


Ta °C Ts? 
Month 
actual | normal | diff. actual normal diff. 
| | 

IM A cee ne ee 2.0 | ea | 43.7 0.9 0.4 +0.5 
| Nene eat | ee 2.7 | +0.6 1% i +0.2 
Midi tenes 8.4 | iD aah +0.5 rahe 3.0 +0.5 
Se gak eres 15.2 | 12.5 | of eT 8.9 7.2 5 ee! 
MMe trae Acs 15.0 | 16.5 —1.5 jis hy 13.6 —0.5 
A? 3 ee ee 13.8 15.6 PN bs. 18.7 15.2 1% 
Shine. 6 eee ee Psa 11.3 +-0.1 12.5 ip +0.7 
C)ire Sane eee 10.6 6.3 +4.3 1 mo +3.2 
IN ak fas eee ae 3.9 oe +1.2 5.8 5.2 +0.6 
(BRA Meek sake =—2.6 =a) 2 eee aa a.2 —(.1 
ap? Seda, Sen led Re: =).8 ae1's 1.7 1.4 +0.3 
igh eee bee | ~~ LO sy =f, 4 514 0.6 0.7 = sg 
ear (Nim 6% 5.5 40.9 6.4 5.9 40.5 


the February value is corrected, as was suggested. If noticeable net flux of 
liquid and solid water from the area exist, PALMEN’s value must be some- 
what increased. In comparing the results of PALMEN (1963) and the author, 
it can be concluded that PRivert’s (1960) coefficient 0.114 in Eq. (3a) on 
the average gives good or possibly somewhat too small evaporation values. 

The results from »Finngrundet» are presented in table 2. All monthly 
evaporation values were positive. The smallest monthly evaporation, 1.0 mm, 
occurred in May and the largest, 87.4 mm, in December. The total annual 
evaporation was about 495 mm. The flux of sensible heat also reached its 
lowest monthly value, —1 100 cal em“, in May and its highest, 3710 cal 
em ~, in December. According to the monthly values it was directed from 
the sea to the atmosphere in only four months, from November to February, 
but the annual value, 5110 cal cm~*, was plainly positive. Table 3 shows 
that in May and October the air temperature was abnormally high in the 
Baltic area. Therefore it can be assumed that normally @, is positive in 
these months. The total energy exchange by convective processes, Q,, was 
positive in every month except May and June. During the period December— 
February, when computations were made for both the Baltic Sea and »Finn- 
grundet», both H and Q, were considerably smaller on »Finngrundet» in 
December and February but larger in January. In the period October— 
February evaporation on »Finngrundet» was 322 mm and over the Baltic 
Sea proper, according to PALMEN (1963), 321 mm. 


1) The normal values of 7’, are according to BOHNECKE and Drerrica (1951). The normal 
T, value for March is only approximative. 
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Table 4. Mean monthly evaporation according to Brogmus and Hata, 
mean monthly flux of sensible heat according to HeLa and the amounts 


computed by the present author (table 2) on the Bothnian Sea. 


BROGMUS HELA HANKIMO HELA HANKIMO 

Month E E E Qe Qe 
f mm mm mm cal cm-? cal cm-? 
de eee arr A 46 Be SW 1 443 2 D000 
fe enn en 30 43 DD 1 410 ists) 
My se geseeasts: 22 36 Ba 916 —=| 885 
ae) ws ats 16 13 14 =— 850 — 765 
1 FS hel or 4 —15 M; —1508 —I1 100 
sbi oars bess. artes I —11 3 —I1 648 —1 080 
At lott, ee ae ne 12 13 18 —1 162 — 285 
te accom 28 61 49 — 203 2 300 
Siewataded:.. 46 57 5D 297 — 265 
Cet ea 42 | 53 53 1 027 ==. 145 
1 bah dn ae led 57 | 37 70 1 340 1 340 
de A> ces &. 62 | 37 87 1 808 3 710 
Year | BD 361 495 2 885 BuO 


Values of # and @, from table 2 are presented in table 4 with the mean 
values for the Bothnian Sea computed by Hea (1951) and Broamus (1952). 
Hea has used the formulae of DEvrK (1932) 


(18) OPIOMGS IT 2 VF 0739 (T= Tye Cal, om 24th), 


T 
(19) ee vA VV, + 0.3 (e,—e,) .cal cm (24 h)—, 


where 7', is the absolute temperature of the sea surface. BRoamus (1952) 
has used Eq. (1), where the coefficient & varies from 0.110 to 0.118, when 
the same units are used as in Eq. (3a). Both Hrta and Broagmus have 
obtained considerably smaller values than the present author. 

Although the values of BRogmus are smaller, the annual rate of evap- 
oration is nearly the same as that given here: the largest values occur in 
December and November and the smallest ones in May and June. According 
to Hea, on the contrary, the strongest evaporation occurs in August and 
September. This is probably due to the fact that in Eq. (19) evaporation 
is proportional to the square root of V, but in Eq. (1) to V,, for the mean 
wind velocity is far greater in winter than in summer. WiTTING (1918) has 
estimated the mean annual evaporation over the Bothnian Sea at 425 mm 
and Srmosoxi (1949) at 421 mm. Thus the annual evaporation of 495 mm 
obtained here is considerably larger than the means estimated by the 
abovementioned authors. 
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In the months December—February the BOWEN ratio ranged from 0.72 
to 0.75 and was hence of exactly the same magnitude as on the Baltic Sea. 
Here, too, the highest daily values of R were about 1.3, when both Q, and 
Q, were positive. The annual value 0.17 shows that the contribution of 
Q, to the annual energy budget is rather small. Hena (1951) obtained a 
mean annual value of 0.134 for R on »Finngrundet». Jacoss (1951) found 
the annual mean over the North Atlantic at latitude 60°N to be about 0.24. 
Apart from the different methods used to compute f, the difference is 
probably due to the fact that over a limited sea as Baltic the amounts of 
Q, in summer overcompensate for the greater values of R in winter. 

The monthly values of the effective back radiation from the sea surface 
shown in table 2 range from about 2 500 to 4 200 cal cm~*. The largest 
values occurred in early spring, when the cloud cover and the relatively 
humidity were smallest. Daily values of Q, varied between 45 and 215 cal 
em ~. The annual value, about 38 200 cal cm~*, is somewhat larger than 
the annual @,. According to Smmosoxr (1946) the mean annual value of Q, 
at Bogskaér (59°31’N, 20°31’E) computed with Drvrik’s (1932) method is 
about 41 200 cal em. 

As shown in table 2, the monthly and annual amounts of heat used to 

melt snow are unimportant in the energy budget. Only on one single day 
was the greatest term in the energy budget. 
According to table 2, the sea should have received a net heat increase 
of about 19000 cal cm? year‘, but according to observations of the sea 
temperature the sea has lost energy during the year in question. An obvious 
reason for this disagreement is LAEVASTU’s (1960) method (equations 7 and 
8) for computing the incoming short-wave radiation, which gives too large 
values. As table 5 shows, the actual Q@, values measured in Jokioinen and 
Stockholm (see fig. 1) are considerably smaller. Particularly the term 0.014 
A,t, im Eq. (7), which express the short-wave radiation from a clear sky, 
seems to affect the error. According to LUNELUND (1940), the mean annual 
total incoming radiation at the latitude of »Finngrundet» is about 109 000 
cal em” and that computed from Eq. (7) about 135 000 cal cm~, which is 
about 24 % larger than the former value. It was therefore necessary to 
estimate Y, and @, in another way. 

The radiation values measured in Jokioinen (table 5) were chosen as the 
basic ones. It can be assumed that on the average the same air mass is 
lying over the Bothnian Sea and Jokioinen. Therefore the mean turbidity 
of the air (except the cloud cover) will be nearly the same over the two 
places. »Finngrundet» had a smaller mean cloud cover in every month 
except September and is located 15’ further north than Jokioinen. These 
facts were taken into account by correcting the monthly radiation values of 
Jokioinen as follows: 


‘7p 


| 


Table 5. The monthly values of the total incoming radiation measured at 
Stockholm and at Jokioinen and values computed from Eq. (7) during the 
period March 1961— February 1962. 


Stockholm J okioinen Computed 
Month Qs Qs Qs 

cal cm-2 cal cm-? . cal em-? 
MALTON ye ty temo es: 6 699 5 348 6 670 
ADEN act *4 tees oe: 11 600 10 817 12 420 
Ma one Ss. ed 330 11 543 16 220 
Als Oo” Seen ee 14 776 14 516 19 845 
ai 2 Cee eee ee 14:91 Ti24d 18 180 
AER o..c We o ce Ate os 10 124 bas TSiLhS 
September s tr... WEE ae. 6 436 6 053 7 815 
Cetera, (450 Fae oo. 3 024 2033 3 480 
WNowember<. 2.0. arn... 1 034 416 igo 
Decembers fg. PMA wes cs 693 270 605 
LOM AEE vey sor cdtteete onstel, 3 953 422 860 
PepRuany sess en ns alls 1 492 2 230 
Year 19.973 ta 202 102 765 

43 (1 — 0.0006 Cp?) Os 

(20) Abe 1S 


1 — 0.0006 C,3 


Here K is the relationship between the mean monthly short-wave radiation 
with a clear sky at the latitude of »Finngrundet» and that at the latitude — 
of Jokioinen, according to LUNELUND (1949). The subscripts F and J signify 
»Finngrundet» and Jokioinen; other notations are as in Eq. (7). 

For estimating Q, the following reflexion values (in per cent) were used: 
from April to August 7%, in March and September 10 %, in February, 
October and November 14 %, in December and January 20 %. These values 
are somewhat subjectively chosen on the basis of ANT ERSON’s (1954) studies 
concerning reflection from water at various sun altitudes and cloud covers. 

Table 6 presents the corrected monthly values for Q, and Q, as well as 
the net heat fluxes from the sea surface. The annual Q, value, about 78 300 
cal cm”, is larger than the Q, measured in Jokioinen and a little smaller 
than that measured in Stockholm and may be regarded as fairly represent- 
ative. The corresponding value 102 300 cal em~* computed from Eq. (7) is 
about 31 % larger. According to table 6, the sea would have lost about 
1 000 cal em~* during the year in question. Thus the annual heat budget of 
the Bothnian Sea seems to be excellently balanced. However, this may be 
considered a mere accident. 

The mean depth of the Bothnian Sea is about 70 m (according to WITTING, 
1908). According to measurements made on »Finngrundet» and on some 
other vessels, the heat storage of the sea in a column 70 m x 1 cm? has 
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Table 6. The corrected monthly values of the total incoming radiation Q,, 
reflection back from the sea surface @. and the net flux of energy from 
the sea surface Q, on »Finngrundet» during the period March 1961—February 
1962. 


| 
Month = | wy Bp 

| cal cm-? | cal cm-? cal em-? 

Marehet?Ss2.6 ae cee | 6000.) i 600 Foe 9G 
PAW S18 Nb Aes SOREN eerie ate ae | 11 310 ye 790 — 6285 
MB Vint ergkce ie ate te eer | 12350 | 865 — 9 320 
LING Ree ete 14680 | 1030 > -=170320 
NT a emis crrapeice a te Pa | 12 560 880 — 7925 
ALISUEG » os tuecea eto sae 10560 | 740 — 4275 
September [Meee ae es ae 5950 | 595 890 
OGLOR ODP: Andee tee ste a | 2120 | 300 | 3 960 
Noyenier ater eens 490 | iis ea 8 095 
December. mee eee 70 a 5d | 12 200 
January ose | 520 10D: “as 8 670 
Febuary. cteute eee | 1 480 210 | 7 075 
Year | 78290 | 6 240 | 1 010 


decreased by approximately 4 500—5 000 cal during the year. The difference 
between the observed and computed heat loss, 3 500—4 000 cal em ~~, will 
be compensated for, in the main, by advection of heat from the vicinity of 
»Finngrundet» and/or by inaccuracies in the computed energy budget terms. 
Other terms in the energy budget are so small that they can be ignored. If 
the heat transported by fresh-water discharge is included in the advection 
term, the largest of these small terms is heat from the dissipation of wind 
and tidal energy. According to Larvastu (1960), in the Irish channel this 
amounts to about 1 000 cal cm~* year |. In the Baltic area the corresponding 
influence of tides must be very much smaller. 

Figure 2 shows the annual course of the energy storage per cm? in the 
Bothnian Sea according to the monthly @, values from table 6. The heat 
storage on March 1. has been regarded as zero. According to fig. 2, the heat 
storage in 1961 reached its minimum in the middle of March and the maxi- 
mum occurred in early September. The annual fluctuation from the first 
minimum (March 1961) to the maximum was about 40 500 cal em~* and 
from the maximum to the second minimum (March 1962) approximately 
41 500 cal cm” >. JOHNSON (1940) has estimated the corresponding value in 
the Baltic Sea at 44 500 cal em-®. 

It may be asked whether the values computed for »Finngrundet» are 
valid over the whole Bothnian Sea. »Finngrundet» is located in the southern 
part of the Bothnian Sea, and at least the annual values of incoming short- 
wave radiation and evaporation in general decrease northwards. It is there- 
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Fig. 2. The annual course of the heat storage per cm? in the Bothnian Sea, according to the »Finn- . 
grundet)» computations (solid line) anid according to the measurements made at the point 61° 05’ N, 
19° 35’ E (the crosses). The heat storage at the beginning of the period has been taken as zero. 


fore obvious that the annual variation of the heat storage in the whole 
Bothnian Sea is somewhat smaller. Furthermore, the size of the Bothnian 
Sea is a noteworthy factor: a small sea has a relatively larger area of coastal 
waters, where the conditions for energy exchange are quite different from 
those over the open sea. 

The crosses in figure 2 show the heat storage in a column 40 m x 1 cm? 
at the point 61° 05’ N, 19° 35’ E. The value for June 17 is observed at the 
point 61° 50’ N, 20° 06’ E, and the values at both ends of the period are 
approximated from the measurements made on »Finngrundet», where the 
sea temperature was observed to the depth of 30 m. Here, likewise, the heat 
storage at the beginning of the period has been regarded as zero. The specific 
heat of water was taken as 1 cal g~'°C ‘and the density of water as 1g cm ®. 
The thermocline in the Bothnian Sea mostly occurs above the 40 m level; 
thus the above-mentioned water column represents the annual course of the 
heat storage relatively well, although the mean depth in the Bothnian Sea 
is about 70 m. The two heat storage estimates show relatively good agreement. 
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Fig. 3. The diurnal amounts of the total energy lost from the sea surface by convective processes 
(Qa = Qe + Qc) on the Baltic Sea proper. 


The crosses are considerably dispersed, however, which is at least partly 
due to the advection of heat. For example, there has been strong positive 
advection between the end of August and the end of October. These ad- 
vections are due rather to the water moving in the Bothnian Sea itself than 
to exchange between the surrounding seas. In November the heat storage 
decreased according to the crosses much more than according to the solid 
line (fig. 2). This is at least partly due to vertical mixing. For according to 
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Fig. 4. The diurnal amounts of the total energy lost from the sea surface by convective processes 
(Qa = Qe + Qc) on »Finngrundet». 


SIMOJOKI (1946), it is in November that a very strong heat flux occurs - 
owing to conduction from the layers above 40 m into the deeper layers in 
the Baltic Sea. 

Figures 3 and 4 show the diurnal amounts of @, over the Baltic Sea 
and on »Finngrundet». It will be seen that in late spring and early summer 
the flux of heat was comparatively steady from day to day and mostly 
directed from the atmosphere to the sea. In winter, on the other hand, 
there were large variations in the daily values. The highest peaks indicate 
strong outbreaks of cold air, and almost the whole monthly energy flux 
might be concentrated in a few days, as for example in February on »Finn- 
erundet». The curve for the Baltic Sea is somewhat smoothed in comparison 
to that for »Finngrundet», owing to the relatively large area. 

In winter the amounts of incoming radiation were quite insignificant 
(table 6), and Q, also varied relatively little in comparison to @, (the dif- 
ference between the largest and smallest diurnal value of Q, was 170 cal emiaey): 
Hence the @, curve provides a comparatively good representation of the 
relative variations of the net energy flux from the sea in winter, i.e. during 
the period November—February. In late spring and early summer, on the 
contrary, the variations in the diurnal Q, values are naturally the greatest 
in the energy budget. 


Fig. 5. Synoptic surface map on Dec. 22, 12 GMT 1961. A typical situation of strong energy flux 
from the sea to the atmosphere. Diurnal values on the Baltic Sea: E 6.0 mm, Qa 732 cal em-?; on 
»Finnerundet»: E 9.0 mm, Qa 935 cal cm-?. 


The largest diurnal values of @, occurred both on the Baltic Sea (732 
cal cm“) and on »Finngrundet» (935 cal em~*) during an outbreak of cold 
air from the north on the December 22 (fig. 5). The latter value is equal to 
0.65 cal cm” * min‘! or about one-third of the solar constant. Over the 
oceans the corresponding energy fluxes may be far larger, e.g. according to 
PETTERSSEN et al. (1962) in extreme cases @, may exceed 2.5 calcm~* min “+ 
over small regions of the North Atlantic. The smallest diurnal value of Q, 
was —114 cal cm on the Baltic Sea and —145 cal em * on »Finngrundet». 
On the Baltic Sea the values of Q, varied between —96 and 375 cal cm * 
(24 h)~! and on »Finngrundet» between —115 and 475 cal cm (24 h)~". 
The largest diurnal evaporation was 6.3 mm on the Baltic Sea and 11.0 mm 
on »Finngrundet». Such strong diurnal evaporation as PALMEN (1963) has 
found, was not obtained on the Baltic Sea, and even on »Finngrundet» the 


23 


daily evaporation exceeded 7 mm only twice during the year. The fact that 
PALMEN has obtained far larger (somewhat over 10 mm) daily evaporation 
values during some outbreaks of cold air seems to support the assumption 
that coefficient k in Eq. (1) is greater in unstable conditions. The smallest 
diurnal evaporation was —0.3 mm on the Baltic Sea and —0.6 mm on 
»Finngrundet». Thus the amounts of condensed water vapour computed from 
equations (3a) and (3b) are quite small. Also it is not obvious that the 
same evaporation equation is valid for both evaporation and condensation, 
but the error in the annual heat budget due to this fact is quite insignificant, 
because the real amounts of condensation are evidently also very small. 


4. Conelusion 


1. In comparing the results obtained by PatmMEN (1963) and by the 
author it was concluded that the evaporation values given by PRIVETT’s 
coefficient & = 0.114 in Eq. (1) were on the average satisfactory but perhaps 
somewhat too small. The water vapour pressure was measured at 2 m and 
the wind velocity at 10 m, but the same coefficient would obviously also 
have been valid, if both e, and V, had been measured at 6 m. 


2. The annual evaporation on the Bothnian Sea was estimated at 495 mm 
during the year in question. The mean annual value may be somewhat. 
smaller, because at the end of the year the heat storage of the sea was smaller 
than at the beginning. 


3. The proportion of sensible heat was quite small in the energy exchange 
except in winter, when it was on the average 70—75 per cent of the flux 
of latent heat. 


4, Lagvasru’s (1960) formula (7) for the total incoming radiation was 
found in this case to give values about 30 per cent too large in comparison 
with the actual measurement. 


5. When the computed values of incoming radiation were replaced by 
the measured ones, the heat budget of the Bothnian Sea (Eq. 12) was found 
to be satisfactorily balanced. 


6. The total heat loss from the maximum to the minimum annual heat 
storage of the sea according to Eq. (12) was estimated at about 41 000 cal 
em 7 on »Finngrundet». For the Bothnian Sea as a whole the corresponding 
value is probably somewhat smaller. 
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